MORE
than 40 of the approximately 2,500 living species of lizards are primarily herbivorous (Pough, 1973) . Recent efforts to explain this phenomenon include considerations of 1) the physical strength and structural machinery necessary to bite off and chew up plant material (Szarski, 1962; Ostrom, 1963) , 2) modifications of gut morphology and microbial populations required to digest plants (Sokol, 1967 ) and 3) relationships among body size, energy requirement, energy availability and diet (Pough, 1973; Wilson and Lee, 1974) . Knowledge of whether or not herbivorous lizards can digest and assimilate cellulose would seem to MORE than 40 of the approximately 2,500 living species of lizards are primarily herbivorous (Pough, 1973) . Recent efforts to explain this phenomenon include considerations of 1) the physical strength and structural machinery necessary to bite off and chew up plant material (Szarski, 1962; Ostrom, 1963) , 2) modifications of gut morphology and microbial populations required to digest plants (Sokol, 1967 ) and 3) relationships among body size, energy requirement, energy availability and diet (Pough, 1973; Wilson and Lee, 1974) . Knowledge of whether or not herbivorous lizards can digest and assimilate cellulose would seem to be quite important in this regard, but neither the presence of cellulolytic enzymes nor the assimilation of cellulose has been quantitatively investigated in any plant-eating lizard. In fact, very little is known about even the general nature of digestion in reptiles as a group (Skoczylas, 1970a,b; Dandrifosse, 1974 (Inman, 1973) . However, neither the presence of cellulolytic enzymes nor the breakdown of cellulose necessarily indicate that cellulose constitutes a significant source of energy for the animal (McBee, 1971) .
In this study, cellulose digestion in an herbivorous lizard was examined first by determining the presence and activity of cellulolytic enzymes in various parts of the gut, and then by assessing the progressive changes in the mass of organic material through the digestive tract (tracer method), in order to estimate assimilation of cellulose breakdown products. In addition, the pH in various gut segments was measured, and net assimilations of various nutrients such as nitrogen, electrolytes and several trace elements were determined. These results permit an evaluation of the general nature of digestive physiology in these animals. The lizards used were chuckwallas (Sauromalus obesus), which live in the deserts of western North America and are strict vegetarians (Nagy, 1973) .
MATERIALS AND METHODS
Cellulase activity.-To measure gut cellulase, a chuckwalla was captured in May, in Rock Valley, Nye Co., Nevada, and kept cold to inhibit digestive processes until it was killed the next day. Contents of the stomach and small and large intestines were removed and weighed. All of the chuckwallas used in this study had masses of nematode worms in their large intestines, but worms were not seen elsewhere in the digestive tract. Some of the worms were isolated, washed several times in 0.02 M sodium phosphate buffer (pH 6.1), drained and weighed. The tissues comprising each gut segment were also washed and weighed. All samples were then homogenized in cold 0.02 M sodium phosphate buffer and centrifuged at 2000 g for 10 min. Some cellulases are normally bound to plant material and are not extracted by dilute buffers, but can be solubilized in concentrated salt buffer (Lewis and Varner, 1970) . Accordingly, some samples were also extracted with 1 M NaCl in 0.02 M sodium phosphate buffer.
Cellulase activity in the supernatant solution was assayed using the method of Almin et al. (1967) as modified by Lewis and Varner (1970) . This method involves determination of the progressive decrease in the viscosity of a mixture of 0.40 ml carboxymethyl-cellulose solution (1.33 w/v in 0.02 M sodium phosphate buffer) and 0.20 ml enzyme extract by measuring the drainage time through a calibrated section of a 0.10 ml pipette. Viscosity measurements were made each half hr for two hrs, and samples with low activity were measured after nine, 24 and 48 hrs. The reactions and measurements were done at about 23 C. Even though a buffer solution was used, the pH values of the enzyme extracts were near those occurring in the animal (stomach content extract, pH = 2.2; small intestine content extract, 7.8; large intestine content extract, 7.6; gut tissue extracts, 6.5 to 7.7). Thus, the pH of the reaction mixture should not have inhibited any cellulases that were normally active at the pH values existing in the lizard. Results were converted to relative units/g fresh mass of sample per hour according to Almin et al. (1967) .
To provide comparable results for interpretive purposes, samples of the contents of the rumen and reticulum of a dairy cow (Bos tarus) were assayed for cellulase activity as above. The donor cow had died of unknown causes sometime during the 12 hrs preceding sample collection, but the California State meat inspector present at the autopsy indicated that the stomach contents appeared normal and reasonably fresh.
Composition of diet and gut contents.-Eight chuckwallas were collected in May, near Barstow in the Mojave Desert, California, and were killed within 4 hrs of capture. All of the material in the following gut segments was removed separately: stomach, small intestine, large intestine (including the cecum) and rectum (the posterior part of the large intestine, containing well-formed fecal pellets). Contents of the cloaca were not collected. Gut contents were placed in inert plastic vials, weighed and dried to constant mass at 70 C to determine water content. Dried samples were powdered in a non-metallic container using a Spex Mixer-Mill.
To assess the composition of the food eaten by these lizards, the stomach contents were identified to species before drying, and an average diet was calculated on a dry mass basis (Nagy, 1973) . Samples of each plant species eaten were collected in the field and prepared as above, and mean food composition was calculated from individual plant species composition and their dry mass fractions in the average diet. copper. To determine potassium, sodium and chloride, 1.0 ml distilled water was added to 0.10 g dry, powdered sample and left to soak overnight. Potassium and sodium concentrations in the supernatant fluid were measured with a Coleman flame spectrophotometer, and chloride concentration was determined with a BuchlerCotlove chloridometer. Unfortunately, the pH of the gut contents was not measured before the samples were dried. However, this was estimated later by determining the pH of rehydrated samples with narrow-range pH indicator paper. Ash contents were determined by combusting samples at 500 C for 5 hrs in a muffle furnace.
RESULTS
There was no detectable cellulolytic activity in chuckwalla stomach or small intestine (Table  1) . However, in the large intestine, cellulase activity was about as high as in a cow's rumen. Additional cellulase could be solubilized in 1 M NaCl extracts of rumen contents, but not lizard gut contents. Nematode worms from chuckwalla large intestine contained about 30% of the activity found in their environment.
The composition of the food and the material in the four gut segments is shown in Table 2 . In order to examine the progressive changes in the composition of a parcel of food as it is acted upon by digestive and assimilative processes, it is necessary to adjust the massspecific values in Table 2 to account for changes in the denominator due to assimilation in various gut segments. If some dietary substance (s) is not assimilated, then changes in its massspecific concentration can be used to calculate changes in the dry matter in any part of the gut with the equation: g unassimilated dry matter remaining = (amount of s/g dry food) -(amount of s/g dry gut material). Previous studies (Nagy and Shoemaker, 1975) indicated that chuckwallas eating a similar diet voided 0.37 g dry feces per g dry food ingested. The only dietary substance measured in this study yielding a similar value (0.31), when food and rectum content measurements were used in the above equation, was manganese. In wild cotton rats (Sigmodon hispidus), manganese provided a relatively accurate indicator of dry matter assimilation (Kaufman et al., 1976) . Although nutrient assimilation will be slightly overestimated, manganese contents were used to calculate dry matter changes in each gut segment (top line in Table 3 ), and these values were then used to correct all other values for dry matter assimilation. An estimate of organic matter assimilation was obtained by correcting the dry matter values for ash content (Table 3) .
The behavior of dietary substances in the gut can be grouped into three categories, based primarily on whether the amount of the substance in the stomach contents was higher, the same, or lower than in the food. Substances represent- ing each category are plotted in Fig. 1 as percent of the amount in one g dry food that remains in each successive gut segment. Both iron and aluminum showed large increases in the stomach. It is unlikely that the stomach walls were secreting iron and aluminum into the lumen. The probable explanation for this observation is that chuckwallas ate plant material that contained more dust and sand than did the samples of food plants that were collected by hand. Most soils contain high levels of iron and aluminum (Shacklette et al., 1971) . The apparent assimilation of both aluminum and iron by the intestines is of interest, because relatively large amounts (ca. 1 mg/dry food ingested) are involved. Ash-free dry matter, nitrogen and possibly copper are in the category of substances that do not appear to be assimilated in the stomach, but in the intestines instead. Those elements that the stomach does absorb include potassium, calcium, magnesium, strontium and boron. All of these are also assimilated in the intestine to some degree.
The concentrations of specific ions in the gut are of particular interest because several of these, such as potassium, sodium and chloride, are important electrolytes in body fluids and digestive juices. To examine this, dry massspecific values in Table 1 were converted from mg to mmol and then divided by gut water content to yield values in mmol/l (Fig. 2) concentration were higher than in the food, suggesting that hydrochloric acid was secreted onto the food. Further, stomach contents were quite acidic ( Table 2 ). The 85% decrease in potassium concentration between food and stomach indicates that a great deal of dietary K+ entered the body through the gastric mucosa. In the small intestine, sodium concentration increased markedly, and the pH was high (alkaline). This suggests that sodium bicarbonate and/or sodium bile salts were secreted into the small intestine. In the large intestine and rectum, the pH was about neutral, and water and sodium were reabsorbed. Chloride concentration in rectal contents was somewhat higher and potassium concentration was much higher than in the large intestine. The increase in potassium concentration in the hindgut was more than can be explained by the decrease in water content.
DISCUSSION
Cellulose digestion.-In a previous study (Nagy, 1972) , untreated cotton (90% cellulose) that was force-fed to chuckwallas did not change mass after passing through the gut, indicating that cellulose was not digested. However, it turns out that most of the cellulose in cotton is in a The source of the cellulase in chuckwallas remains unknown. The measureable levels of enzyme activity in large intestine walls may indicate that this tissue was secreting cellulase, but it seems more likely that this activity resulted from residual contamination that was not removed by washing. The observation that nematodes in the large intestine contained a fair amount of activity may indicate that they produced the cellulase and secreted it into their environment. Alternatively, the worms simply could have eaten cellulase-containing digesta or cellulase-producing microorganisms. Several nematodes that are parasitic on plants are known to produce cellulases (Gascoigne and Gascoigne, 1960; Von Brand, 1973) , but the occurrence of cellulases in nematodes inhabiting animals has not been established. Dubuis et al. (1971) found many worms in the ceca of another herbivorous lizard, Uromastix acanthinurus, and suggested that the worms may be important in these lizards' digestive processes. Nutrient assimilation.-The food of chuckwallas contained relatively high levels of potassium and calcium, but sodium content was low, as is common in many desert plants (Wallace and Romney, 1972), but is in contrast to the diet of carnivores. Surprisingly large amounts of both potassium and calcium were absorbed in the stomach (Table 3) . Excess potassium is excreted by the nasal salt glands, as well as in precipitated form in urinary pellets (Nagy, 1972) , but the mechanism of calcium excretion is not known in lizards. In alligators, calcium loads are excreted in the feces, suggesting rectal or cloacal secretion of this ion (Dantzler and Holmes, 1974) . Cloacal secretion of potassium, as suggested by Braysher and Green (1970) for a varanid lizard, may account for the increase in potassium concentration in the chuckwalla rectum (Fig. 1) . Alternatively, urine that contained potassium could have been refluxed from the cloaca into the rectum, as occurs in birds (Ohmart et al., 1970) . If the assimilated calcium is not excreted by cloacal walls in chuckwallas, then the kidneys may be very important in this regard.
In general, fractional assimilations of most dietary substances measured in this study are about the same as in mammals (Berger, 1960; Schroeder, 1973; Kaufman et al., 1976) . The values for nutrient assimilation reported herein are only approximations, for several reasons. First, the actual (gross) assimilation of a substance may be much greater than these measurements indicate, because substances can reenter the gut lumen via diffusion or in secretions from digestive glands. Second, the relatively large variations in the measurements, as indicated by the standard errors in Table 1 , and the small sample sizes for some gut segments (the probable explanation for the apparent secretion of some substances into the rectum, as indicated in Table 3 ), preclude precise descriptions of fractional assimilation. Third, accurate assimilation measurements require determination of the successive changes in a particular parcel of food as it moves through the gut. The results in this paper indicate the status of the gut contents of chuckwallas at the time of death only, and it is assumed that this is representative of the changes occurring in a particular food bolus with time.
General nature of chuckwalla digestion.-The results of this study can be used to examine the general pattern of digestive physiology in chuckwallas, and to compare it with those in planteating mammals (Moir, 1968; Barnard, 1973) . Among herbivorous mammals, three arbitrary categories can be distinguished: ruminants, coprophagous non-ruminants, and non-ruminants that do not ingest their feces. Ruminants (cows, sheep, deer, elk, antelope) have enlarged, chambered stomachs. The first chamber (rumen) contains cellulolytic bacteria and the pH is near neutral. Here the sugars resulting from cellulose digestion are utilized by the microbes for growth. The host derives benefit from this situation primarily by assimilating the byproducts of sugar fermentation (volatile fatty acids), and by digesting and assimilating the microbes as they pass on through the gut. The two categories of non-ruminants have smaller, simple stomachs, the contents of which are acidic as in carnivorous mammals, but the large intestines of these herbivores are greatly enlarged, may include a voluminous cecum, and harbor dense microbe populations which may produce cellulases. Although there is litle evidence that products of cellulose digestion are assimilated in significant quantities by the large intestine (McBee, 1971), it is generally accepted that other substances, including several vitamins and minerals, are liberated by the microbes and assimilated, thereby contributing greatly to the host's nutritional status. Those non-ruminants that are coprophagous (rabbits, hares and many rodents including beavers) derive additional nutrition by digesting the microbes themselves, much the same as do ruminants. The nonruminants that do not reflect (horses, pigs, elephants) thereby lose the nutrients contained in the cells of cecal microorganisms.
Chuckwallas have simple, acidic stomachs and large intestines that are big and contain a cecum-quite similar to non-ruminant, herbivorous mammals. Moreover, chuckwallas are not known to eat their own feces, although occasional fecal pellets (mainly from rodents) are seen in their stomachs (Nagy, 1973) . It appears, then, that the general nature of digestion and assimilation in these lizards is about the same as in relatively unspecialized mammalian herbivores.
